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Edited by Vladimir SkulachevAbstract The eﬀect of ATP on mitochondrial membrane depo-
larization in rat submandibular glands was investigated. Exposure
of the cell suspension to high concentrations of ATP induced a sus-
tained depolarization of mitochondrial membrane. This eﬀect was
blocked in the presence of magnesium and reproduced by low
concentrations of 2 0,3 0-O-(4-benzoylbenzoyl)adenosine 5 0-tri-
phosphate (BzATP), suggesting the implication of the P2X7
purinergic receptor. This point was conﬁrmed by comparison of
the response to ATP by wild-type and P2X7 knock-out
(P2X7R
/) mice.Mitochondria took up calcium after ATP stim-
ulation but the depolarization of the mitochondrial membrane by
ATP was not aﬀected by the removal of calcium from the extra-
cellular medium. It was nearly fully suppressed in the absence of
sodium and partially blocked by the mitochondrial Na/Ca exchan-
ger inhibitor 7-chloro-5-(2-chlorophenyl)-1,5-dihydro-4,1-ben-
zothiazepin-2(3H)-one (CGP-37157). Both ATP and monensin
increased the uptake of extracellular sodium (as shown by the
depolarization of the plasmamembrane) but the sodium ionophore
did not aﬀect the mitochondrial membrane potential.
It is concluded that the activation of P2X7 receptors depolar-
izes the mitochondrial membrane. The uptake of extracellular
sodium is necessary but not suﬃcient to induce this response.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Salivary glands express several plasma membrane receptors
for ATP, UTP and derivatives [1,2]. These purinergic receptorsAbbreviations: BzATP, 2 0,3 0-O-(4-benzoylbenzoyl)adenosine 5 0-tri-
phosphate; BSA, bovine serum albumin; TMRE, tetramethylrhod-
amine ethyl ester; DWmt, mitochondrial inner membrane potential;
HEPES, N-[2-hydroxyethyl] piperazine-N 0-[2-ethanesulfonic acid];
[Ca2+]i, intracellular concentration of calcium; EGTA, ethylene gly-
col-bis-(b-aminoethyl ether)-N,N,N 0,N 0-tetraacetic acid; HBS, HEPE-
S-buﬀered saline; FCCP, carbonyl cyanide p-(triﬂuoromethoxy)phenyl
hydrazone; NMDG, N-methyl-D-glucamine; PS, phosphatidylserine;
PTP, permeability transition pore; NTP, nucleotide triphosphate; Tg,
thapsigargin; CsA, cyclosporin A; RU360, ruthenium 360; CGP-371-
57, 7-chloro-5-(2-chlorophenyl)-1,5-dihydro-4,1-benzothiazepin-2(3H)-
one;AIF, apoptosis inducing factor; Smac/DIABLO, secondmitochondrial
activator of caspases/direct inhibitor of apoptosis proteins binding protein
with low pI
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doi:10.1016/j.febslet.2005.08.074belong to the P2 subtype which is divided in P2Y and P2X
receptors. P2Y are metabotropic receptors coupled to hetero-
trimeric G-proteins, while P2X receptors have the ability to
form non-selective cation channel [3]. Among these ionotropic
receptors, the P2X7 receptor presents unique properties. Struc-
turally, it contains an intracellular C-terminus much longer
than other P2X receptors [4]. This cytoplasmic tail contains
several domains for protein–protein and lipid–protein interac-
tions [5] which give to this receptor the ability to form a pore
and provoke cell death [6–8]. P2X7 activation induces at least
two permeability states; it is able to increase permeability to
cations such as sodium, calcium, potassium or protons, like
the other P2X receptors, but after a prolonged exposure to
ATP it allows the entry of molecules up to 900 Da [9]. This
receptor is able to induce apoptosis related events like plasma
membrane blebbing [6], DNA fragmentation [10], caspase acti-
vation [11] or phosphatidylserine (PS) exposure [12,13]. The
P2X7 receptor is not only expressed in blood cells such as mac-
rophages, neutrophils or lymphocytes [14], but is also abun-
dantly expressed in epithelial cells [9]. Both acinar and ductal
cells from submandibular glands express functional P2X7
receptors [15,16]. In fact, our results with P2X7 knock-out mice
reveal that this receptor is the main responsible for the ATP
response in this tissue ([16], Pochet et al. in preparation).
Mitochondria play a major role in apoptosis. Many apopto-
tic stimuli, in both extrinsic and intrinsic apoptotic pathways,
lead to a loss of mitochondrial inner membrane potential
(DWmt) and to the formation of a permeability transition pore
(PTP) [17]. In these conditions the permeability of inner and
outer mitochondrial membranes increases, provoking orga-
nelle swelling and the release of several proapoptotic factors
[17–19]. The release of cytochrome c, apoptosis inducing factor
or second mitochondrial activator of caspases/direct inhibitor
of apoptotis proteins binding protein with low pI (AIF or
Smac/DIABLO) from the mitochondria to the cytosol is a cru-
cial step of programmed cell death, which ﬁnally results in acti-
vation of caspases and DNA fragmentation. This process can
be regulated by antiapoptotic and proapoptotic proteins (like
Bcl-2 or Bcl-XL and Bax or Bad, respectively) but also by
calcium and other ion ﬂuxes [19–21].
P2X7 receptor is known to induce apoptosis in diﬀerent tis-
sues, including epithelial cells, but the molecular mechanism
involved in this process remains to be elucidated. Recently
Wang and coworkers [22] have proposed that mitochondrial
apoptotic pathway could be implicated in P2X7 induced cell
death in human cervical epithelial cells. In the present work
we demonstrate that the activation of P2X7 receptors nativelyblished by Elsevier B.V. All rights reserved.
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membrane depolarization. We also provide new insights about
the role of cation ﬂuxes in this process.2. Materials and methods
2.1. Materials
Male Sprague–Dawley rats (250–300 g) were purchased from Harlan
(Spain). Male C57BL/6J P2X7R
+/+ (control) and P2X7R
/ (knock-
out) mice (10–16 weeks) were supplied by Pﬁzer Inc. (Groton, CT)
[23]. BALB/c mice (10–16 weeks) were obtained from Charles River
Laboratories (Brussels, Belgium). The housing and care of the animals
were in agreement with the regulations of the European Union. The
animals were fed ad libitum with free access to water.
Tetramethylrhodamine ethyl ester (TMRE), Fura-2/AM and bis-
(1,3-dibutylbarbituric acid)-trimethine oxonol (DiBAC4(3), bisoxonol)
were from Molecular Probes (Eugene, OR). Collagenase P, sodium
pyruvate, and bovine serum albumin (BSA) (fraction V) were from
Boehringer (Mannheim, Germany). The glutamine-free amino acids
mixture was from Gibco BRL (Paisley, Scotland). Carbachol, thapsi-
gargin (Tg), digitonin, rotenone, carbonyl cyanide p-(triﬂuorometh-
oxy)phenyl hydrazone (FCCP), N-methyl-D-glucamine (NMDG),
N-[2-hydroxyethyl] piperazine-N 0-[2-ethanesulfonic acid] (HEPES),
ethylene glycol-bis-(b-aminoethyl ether)-N,N,N 0,N 0-tetraacetic acid
(EGTA) and monensin were obtained from Sigma (St. Louis, MO).
Cyclosporin A (CsA), ruthenium 360 (RU360) and 7-chloro-
5-(2-chlorophenyl)-1,5-dihydro-4,1-benzothiazepin-2(3H)-one (CGP-
37157) were purchased from Calbiochem (Bierges, Belgium). All the
other chemicals were of analytical grade purity.
2.2. Solutions
The nomenclature and composition of the media used is the follow-
ing: HEPES-buﬀered saline ‘‘(HBS)’’ (mM): 24.5 HEPES–NaOH, 96
NaCl, 6 KCl, 1 MgCl2, 2.5 NaH2PO4, 11.5 glucose, 5 sodium pyruvate,
5 sodium glutamate, 5 sodium fumarate, 1% (v/v) glutamine-free ami-
no acids mixture and 0.125% (w/v) BSA, pH 7.4; ‘‘Na medium’’ (mM):
24.5 HEPES–NaOH, 121 NaCl, 6 KCl, 11.5 glucose, pH 7.4; ‘‘Na-free
medium’’ (mM): 24.5 HEPES, 132 NMDG–HCl, 6 KCl, 11.5 glucose,
pH 7.4.
2.3. Preparation of a crude cellular suspension from submandibular
glands
The preparation of a crude cellular suspension was performed as de-
scribed previously [16,24]. Brieﬂy, one rat or three mice were anaesthe-
tized and killed with ether. The submandibular glands were
immediately dissected, ﬁnely minced and digested in the presence of
collagenase P for 20 min at 37 C under constant shaking. At the
end of the digestion the crude suspension was mechanically dispersed
by gentle pipetting, ﬁltered and washed in an isotonic NaCl solution.
The last pellet was resuspended in 6 ml of HBS medium and kept at
4 C until use.
2.4. Determination of mitochondrial inner membrane depolarization
(loss of DWmt)
Mitochondrial membrane depolarization was measured by the ‘‘de-
quench mode’’ method described by [25]. The ﬂuorescent probe TMRE
is autoquenched when it accumulates at high concentrations in the
mitochondria. Due to mitochondrial membrane depolarization it is re-
leased from mitochondria, so the ‘‘dequenching’’ can be monitored by
an increase in ﬂuorescence [19]. Brieﬂy, 0.5 ml of the cellular suspen-
sion was incubated in a ﬁnal volume of 1 ml of HBS supplemented
with 0.5% BSA, 0.25 mM CaCl2 and 1 lM TMRE for 20 min at
25 C. At the end of the incubation 10 ml isotonic NaCl were added
to the tube which was centrifuged for 1 min at 350 · g. The superna-
tant was discarded and the pellet was resuspended in 2 ml of a proper
medium (as indicated in the ﬁgure legends). The assay was performed
in a spectroﬂuorimeter under constant agitation at 25 C. The wave-
lengths for excitation and emission were 550 ± 4 and 590 ± 4 nm,
respectively. At the end of the assay, maximal depolarization was esti-
mated by the addition of 1 lM FCCP and the results calculated taking
this value as reference.2.5. Measurement of the [Ca2+]i
One milliliter of the suspension was incubated in 2 ml HBS medium
in the presence of amino acids, 1 mM MgCl2, 0.25 mM CaCl2, 0.5%
(w:v) BSA and 2 lM fura-2/AM for 45 min at 25 C. At the end of
the incubation 10 ml isotonic NaCl were added to the tube which
was centrifuged for 1 min at 350 · g. The supernatant was discarded
and the pellet was resuspended in 2 ml of a proper medium (as indi-
cated in the ﬁgure legends). The assay was performed in a spectroﬂu-
orimeter under constant agitation at 25 C. The excitation
wavelength was switched every second from 340 ± 4 to 380 ± 4 nm.
The light emitted at 510 ± 4 nm was recorded. At the end of the assay,
the traces were calibrated with the successive addition of 0.1 mM dig-
itonin and 40 mM EGTA (pH 8.5 with Tris). The autoﬂuorescence
measured after quenching the ﬂuorescence of the fura-2 by the addition
of 100 mM MnCl2 was subtracted from all the data before calculation
of the ratios. The calcium concentration was estimated by the ratio
method as described by [26].
2.6. Measurement of plasma membrane potential
Two hundred and ﬁfty microliter aliquots of the cellular suspension
were washed with isotonic NaCl solution. After preincubation for 10–
12 min at 25 C in the presence of 500 nM bisoxonol (DiBAC4(3)), the
assay was carried out in a spectroﬂuorimeter under constant agitation
at 25 C. The wavelengths for excitation and emission were 493 ± 4
and 518 ± 4 nm, respectively. At the end of the assay, maximal depo-
larization was estimated by the addition of 30 mM KCl and the results
calculated taking this value as reference.
2.7. Statistical analysis
Results are expressed as means ± S.E.M. of the number of experi-
ments indicated. Statistical signiﬁcance between various conditions
was assessed with Students t test. P < 0.05 was considered signiﬁcant.3. Results and discussion
3.1. P2X7 activation induces mitochondrial membrane
depolarization
The cellular suspension of rat submandibular glands loaded
with the probe TMRE was exposed to 1 mM ATP (Fig. 1A).
ATP induced a rapid mitochondrial membrane depolarization
which reached a 28 ± 3% depolarization after 10 min of incu-
bation (n = 3). This response to ATP was dose-dependent with
a half-maximal concentration of 265 lM (Fig. 1C). Carbachol,
a muscarinic agonist which like ATP increases the [Ca2+]i but
has no described apoptotic properties, was unable to repro-
duce this eﬀect (Fig. 1A, n = 3). Next we examined the eﬀect
of 2 0,3 0-O-(4-benzoylbenzoyl)adenosine 5 0-triphosphate
(BzATP), an agonist with much higher aﬃnity for P2X7 recep-
tors than ATP [9]. Activation with BzATP dose-dependently
depolarized the mitochondrial membrane (Fig. 1C, n = 3),
and was about two orders of magnitude more potent than
ATP (26 ± 4% for 10 lMBzATP after 10 min, n = 3). This fea-
ture, as well as the low aﬃnity for ATP, is characteristic of the
P2X7 receptor [9]. This idea was supported by the inhibition of
the ATP response by 5 mM MgCl2 (from 28 ± 3% in the ab-
sence to 9 ± 2% in the presence of magnesium, n = 3,
Fig. 1A). This inhibitory eﬀect is explained by a decrease in
the concentration of ATP4, due to the formation of ATP–
Mg2 complexes. We have previously described that under
the experimental conditions used in this study, the concentra-
tion of ATP4 drops to levels which are not suﬃcient to acti-
vate eﬀectively the P2X7 receptor [15].
To clearly establish the implication of P2X7 in the ATP-in-
duced loss of DWmt, we compared this response in wild-type
(P2X7R
+/+) and P2X7-lacking (P2X7R
/) mice. Stimulation
of submandibular gland cells from P2X7R
+/+ mice with
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Fig. 1. P2X7 induces mitochondrial membrane depolarization. (A,B)
A crude cellular suspension from rat or mouse submandibular glands
was prepared and loaded with TMRE as described in Section 2. After
washing, the cells were resuspended in 2 ml HBS medium in the
absence of magnesium, albumin and amino acids but in the presence of
1 mM calcium. One mM ATP or 100 lM carbachol was added at
2 min. In some cases, 5 mM MgCl2 was added prior to the start of the
measurement. The traces were calibrated 10 min later as described in
Section 2. (C) Samples were processed as described above and
stimulated by diﬀerent concentrations of ATP or BzATP. Results in
this panel are expressed as the increase of mitochondrial membrane
depolarization 10 min after the addition of the agonist. Results are the
means ± S.E.M. of 3–4 independent experiments.
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(Fig. 1B, n = 4), a value closely similar to that observed in
rat submandibular glands (Fig. 1A). On the contrary, no sig-
niﬁcant depolarization by ATP stimulation was observed in
P2X7R
/ mice (3.5 ± 1.5% depolarization after 10 min,
n = 3, Fig. 1B). As shown in Fig. 1C, the dose–response curves
for ATP in rat and P2X7R
+/+ mice were almost identical. The
P2X7R
/ used mice were generated from the murine C57BL/6
strain. It has been reported that this strain carry a natural
mutation (P451L) that aﬀects some P2X7 related signalingprocesses [27]. This polymorphism impairs the pore formation,
PS exposure or DNA fragmentation, but does not aﬀect phos-
pholipase D or ERK 1/2 activation [10,27,28]. As shown in the
right panel of Fig. 1C, the dose–response curve to ATP was
very similar for the regular controls (C57BL/6 strain) and
BALB/c mice (a strain lacking the P451L mutation), suggest-
ing that this polymorphism does not aﬀect the loss of DWmt.
All these results demonstrate that ATP provokes mitochon-
drial membrane depolarization via P2X7 receptors. Recently,
the group of Di Virgilio has described a similar mitochondrial
membrane depolarization after acute stimulation of heterolo-
gously expressed human and rat P2X7 receptors with ATP
[29]. Seman and coworkers have also described in lymphocytes
a loss of DWmt mediated by NAD, a novel putative activator
of P2X7 receptors. Although NAD is able to induce apoptosis
in these cells through ADP-rybosilation of P2X7, the P2X7-
dependence of the observed loss of DWmt was not conﬁrmed
[13]. Our results are thus the ﬁrst evidence of mitochondrial
membrane depolarization induced by ATP in cells natively
expressing P2X7 receptors.
3.2. Calcium and mitochondria
Several works have reported that mitochondrial membrane
depolarization could be secondary to a massive inﬂux of cal-
cium into mitochondria [19,21]. According to this model, mito-
chondria are able to take calcium from the cytosol through the
Ca2+-uniporter and the accumulation of the cation into the
organelle would be responsible of the dissipation of the DWmt
[19]. P2X7 activation by ATP is able to induce a sustained in-
crease in cytosolic calcium in cells from submandibular gland
[2,15], so we proceeded to examine the possibility of a mito-
chondrial uptake of calcium. Since the uptake of calcium by
mitochondria is driven by electrochemical gradient across in-
ner membrane, the dissipation of this gradient by mitochon-
drial uncouplers is a widespread tool for blocking this
calcium uptake [30]. We tested the eﬀect of FCCP, a protono-
phore, and rotenone, an inhibitor of the mitochondrial elec-
tron transport, in cells loaded with Fura-2 (Fig. 2A). Both of
them induced an increase of cytosolic calcium due to the mobi-
lization of the mitochondrial pool of calcium (+90 ± 10 and
+92 ± 35 nM after 2 min for FCCP and rotenone, respectively,
n = 3). The increase of the [Ca2+]i induced by ATP was greatly
enhanced when the nucleotide was added after the uncouplers.
It averaged a value of +109 ± 10 nM in control cells after
5 min, which was raised up to +617 ± 47 and +870 ± 170 nM
when cells were pretreated for 2 min with 0.3 lM FCCP and
0.3 lM rotenone, respectively (Fig. 2A, n = 3) As shown in
the insert of Fig. 2A the eﬀect of FCCP was dose-dependent
and aﬀected both the initial sharp increase as well as the sus-
tained calcium entry in response to ATP. To further conﬁrm
the mitochondrial calcium uptake after P2X7 receptor activa-
tion, we performed the reverse experiment: cells were stimu-
lated with the agonist, washed and then mitochondrial
calcium content estimated by measuring the calcium released
in the cytosol after exposure of the cells to 1 lM FCCP
(Fig. 2B). When cells were pretreated with 1 mM ATP the
[Ca2+]i increased by +299 ± 49 nM 1 min after the addition
of the protonophore, while in control cells the increase of the
[Ca2+]i averaged 107 ± 8 nM (n = 5, P = 0.013).
In order to explore the contribution of calcium in the depo-
larization of the mitochondria induced by ATP, cells loaded
with TMRE were stimulated by 1 mM ATP in the absence
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Fig. 2. Calcium uptake by mitochondria. (A) A crude cellular suspension from rat submandibular glands was prepared and loaded with Fura-2 as
described in Section 2. After washing, the cells were resuspended in 2 ml HBS medium in the absence of magnesium, albumin and amino acids but in
the presence of 1 mM calcium. After 1 min, DMSO (0.25% ﬁnal), FCCP (0.3 lM) or rotenone (0.3 lM) were added. Two minutes later 1 mM ATP
was added (n = 3). Insert. Results were calculated as the increase 10 s (peak) or 5 min after the addition of ATP for diﬀerent FCCP concentrations
(n = 3). (B) Samples were prepared as described above and preincubated for 5 min in the presence or absence of 1 mM ATP in 2 ml HBS medium in
the absence of magnesium, albumin and amino acids but in the presence of 1 mM calcium. After this period they were washed once with isotonic
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ium in order to prevent the increase of the [Ca2+]i due to cal-
cium inﬂux through P2X7 channel. As shown in Fig. 3A,
mitochondrial membrane depolarization could still be ob-
served (35 ± 4% depolarization after 10 min, n = 3). The
slightly higher response in the absence of calcium is best ex-
plained by the fact that in the absence of extracellular calcium,
the concentration of ATP4 increases leading to a higher acti-
vation of P2X7 receptors. Our results are in agreement with the
results of Di Virgilio and coworkers [29]. These authors re-
ported that the dissipation of DWmt by heterologously ex-
pressed rat P2X7 receptors could also be detected in the
absence of extracellular calcium (see Fig. 4A of that paper).
In spite of the similarity of the depolarization observed in
the presence and absence of calcium, a role of calcium in this
process cannot be discarded (specially considering the amount
of calcium taken up by mitochondria, Fig. 2).
Mitochondria and endoplasmic reticulum are known to
intercommunicate in calcium homeostasis and apoptosis [21],
so we proceeded to study the thapsigargin-sensitive depletion(Fig. 3B). After preincubation for 5 min with Tg or vehicle
(DMSO, 0.25% ﬁnal), cells were exposed to 1 mM ATP. No
signiﬁcant diﬀerence was observed in ATP-induced mitochon-
drial membrane depolarization (31 ± 1% and 30 ± 2% depolar-
ization after 10 min in Tg-treated and control cells,
respectively, n = 3). These results point out that ATP is able
to disrupt the DWmt even when endoplasmic reticulum calcium
pools are depleted or in the absence of extracellular calcium.
3.3. Role of sodium in mitochondrial membrane depolarization
Since mitochondrial membrane depolarization can still be
observed in the absence of calcium and since the activation of
P2X7 receptors is known to provoke an inﬂux of sodium in sal-
ivary glands [31,32], we tested if sodium could be implicated in
this process (Fig. 4). To this end extracellular sodium was re-
placed by NMDG. In order to avoid a massive and probably
toxic increase (up to 2 lM) of the [Ca2+]i after exposure of
the cells to ATP in the absence of extracellular sodium
[31,33], these experiments were performed in the absence of
extracellular calcium. Replacement of extracellular sodium by
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induced by 1 mM ATP by almost 90% (from 33.0 ± 2% to
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Results are the means ± S.E.M. of three independent experiments. \\P < 0.0ing extracellular sodium resulted in a concentration-dependent
loss of DWmt (Fig. 4B). As shown in Fig. 4C, inclusion of cal-
cium in the ‘‘Na-free’’ resulted in a concentration-dependent
mitochondrial depolarization, reaching at 0.6 mMCaCl2 a sim-
ilar depolarization (26 ± 3% after 10 min of the 1 mM ATP
addition, n = 3, Fig. 4C) to that observed in the control medium
containing both sodium and 1 mM calcium (28 ± 3% depolar-
ization after 10 min, n = 3, Fig. 1A). However, it should be
noted that under these conditions (‘‘Na-free’’ medium supple-
mented with 0.6 mM CaCl2), calcium inﬂux is elevated about
4.5-fold (+451 ± 24 nM, 5 min after the addition of 1 mM
ATP, n = 3, data not shown in ﬁgures) when compared to that
observed in control medium (+109 ± 11 nM, see insert of
Fig. 2A). This massive inﬂux could be leading to cytotoxic con-
ditions which could account for the observed depolarization. In
a control experiment, the eﬀect of sodium removal was tested in
the presence of 0.1 mM calcium (Fig. 4D). In these conditions,
ATP induced an increase of the [Ca2+]i similar to that observed
in a medium containing sodium and 1 mM CaCl2 (+114 ± 11
and +100 ± 11 nM after 30 s of the addition of ATP in Na
and Na-free medium, respectively, n = 3, Fig. 4D, left panel).
Under these ‘‘more-close-to-the-physiological’’ conditions, the
ATP-induced mitochondrial membrane depolarization was re-
duced by approximately 60% (from 28.0 ± 0.5% in ‘‘Na med-
ium’’ to 10.0 ± 0.5% in ‘‘Na-free medium’’, n = 3, Fig. 4D,
right panel).m
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Fig. 5. Eﬀect of diﬀerent inhibitors on ATP-induced DWmt. Samples
from rat were prepared and assayed as described in Fig. 1 (1 mM ATP
for 10 min). In some cases, cells were incubated for 30 min in the
presence or absence of 1 lM CsA or 10 lM of RU360, before the
DWmt measurement. In other cases, samples were preincubated for
10 min in the presence or absence of 10 lM CGP-37157. Results are
calculated as the relative depolarization induced by 1 mM ATP after
10 min. They are the means ± S.E.M. of three independent experi-
ments. \P < 0.05.
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membrane was further explored by investigating the eﬀect of
monensin. Monensin is a sodium ionophore in submandibular
glands [34]. This was conﬁrmed by measuring the potential of
the plasma membrane. ATP depolarized the plasma membrane
in the absence or in the presence of extracellular sodium and/or
calcium (Table 1). This is in agreement with previous reports
indicating that the depolarization of the plasma membrane
could be due to NMDG inﬂux through the pore [6,35].
Monensin at a 30 lM concentration depolarized the plasma
membrane when cells were incubated in the presence of sodium
but not in a Na-free medium (Table 1). This result conﬁrmed
that the major response to monensin was an increase of the
intracellular concentration of sodium responsible for the depo-
larization of the plasma membrane. Monensin had no signiﬁ-
cant eﬀect on the potential of the mitochondrial membrane
on cells incubated in a Na-medium (Table 1).
Several conclusions can be drawn from these results which
have been summarized in Table 1. (1) They establish that the
depolarization of the mitochondrial membrane is not second-
ary to the depolarization of the plasma membrane. (2) They
also show that sodium ion plays a major role in the depolariza-
tion of mitochondria by P2X7 agonists. This is consistent with
the recent view that sodium is involved in apoptosis related
events provoked by P2X7 activation. Indeed a recent report
in murine thymocytes claims that sodium is involved in
P2X7-mediated PS exposure and phospholipid scrambling
[12]. It has also been observed that sodium replacement by
NMDG delays plasma membrane blebbing provoked by
ATP in P2X7-transfected HEK cells [6]. The group of Muallem
has recently proposed that in mouse parotid glands extracellu-
lar sodium regulates the permeability to large molecules across
the pore opened by P2X7 receptor [36]. (3) Our results also
show that the increase of the intracellular concentration of so-
dium ion by ATP cannot fully explain the depolarization of the
mitochondrial membrane by the purinergic agonist. As shown
in Fig. 4D, even in the absence of sodium, ATP could still par-
tially depolarize the mitochondrial membrane.
To clarify the mechanism by which this phenomenon takes
place, several inhibitors were used in a physiological mediumTable 1
Comparison of the eﬀect of monensin and ATP on plasma and
mitochondrial membrane depolarization
Condition Plasma membrane
depolarization (5 min)
Mitochondrial membrane
depolarization (10 min)
ATP (1 mM)
Na+/Ca2+ +58 ± 8% +28 ± 0.5%
Na+/0 Ca2+ +59 ± 12% (ns) +33 ± 2% (ns)
0 Na+/0 Ca2+ +53 ± 7% (ns) +5.5 ± 2% (\\)
Monensin (30 lM)
Na+ +32 ± 7% 6.5 ± 3%
0 Na+ 5.5 ± 7% (\) –
Cells were loaded with bisoxonol (DiBAC4(3)) or TMRE as described
in Section 2. Depending on the condition, assays were carried out in
‘‘Na medium’’ (Na+) or ‘‘Na-free medium’’ (0 Na+) in the presence of
1 mM calcium (Ca2+) or 0.1 mM EGTA (0 Ca2+). Two minutes after
the start of the measurement ATP or monensin was added to the
cuvette. Data were calculated as percentage of maximal depolarization.
Results are the means ± S.E.M. of 3–4 independent experiments. ns,
non-signiﬁcant, \P < 0.05, \\P < 0.01 when compared to control
medium.containing both calcium and sodium (Fig. 5). First, CsA prein-
cubation had no eﬀect on ATP response, indicating that the
loss of DWmt is not secondary to the PTP. This is in agreement
with the recent results published by Mackenzie and coworkers
[37]. On the other hand, while RU360, an inhibitor of the
Ca2+-uniporter [38], did not aﬀect the observed response,
CGP-37157, inhibited the ATP-induced loss of DWmt about
a 30% (from 46 ± 1% to 33 ± 2% depolarization after 10 min,
n = 3). CGP-37157 is a speciﬁc inhibitor of the mitochondrial
Na/Ca exchanger [39]. This exchanger is electrogenic; moves
one Ca2+ to the cytosol per 3Na+ which are introduced into
mitochondria [40]. This would explain why sodium is required
to induce the loss of DWmt. These results also imply that cal-
cium uptake through the Ca2+-uniporter is not necessary.
However, it should be noted that calcium can enter the mito-
chondria through the called ‘‘rapid mode’’ (RaM), which has
been described to be inhibited in isolated mitochondria by
ruthenium compounds at much higher concentrations (10–
100-fold) than the uniporter, but which is equally sensitive to
mitochondrial uncouplers [41].
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